minal deletions. In addition, as 2 of these cases were inherited from a parent bearing the same deletion, chromosomes healed by this process are thus stable through mitosis and meiosis. Regarding the 13 cases of translocations and 8 ring chromosomes, 4 and 2 cases respectively demonstrated pan-telomeric sequences at the interstitial junction point. Furthermore, 2 cases of translocations and 1 ring chromosome had both interstitial pan-telomeres and subtelomeres, whereas 2 other cases of ring chromosomes and 1 case of translocation only showed interstitial subtelomeres. Therefore, interstitial (sub)telomeric sequences in translocations and ring chromosomes are more common than previously thought, as we found a frequency of 43% in this study. Moreover, our results illustrate the necessity of performing FISH with both subtelomeric and pan-telomeric probes when investigating these rearrangements, as the breakpoints can be either in the distal part of the pan-telomeres, or in between the 2 types of sequences. Human telomeres are specialized chromatin structures present at chromosome ends. They consist of (TTAGGG) n DNA repeat sequences [Moyzis et al., 1988] , are highly conserved among vertebrates [Meyne et al., 1989] , and contain proteins forming a protective 't-loop' structure capping the chromosome ends [Griffith et al., 1999] . Telomeres are essential for chromosomes, as they
prevent degradation or fusion, and enable the cell to distinguish intact chromosome ends from damaged DNA [Hackett et al., 2001] . Furthermore, this structure is necessary for the complete replication of chromosome ends with the help of telomerase, a specialized cellular reverse transcriptase enzyme [Morin, 1989] . In humans, telomerase activity is developmentally regulated and is found in the placenta, liver, hematopoietic and germline cells [Melek and Shippen, 1996] as well as in most tumors [de Lange, 1995] .
Broken chromosomes without telomeres will enter in a breakage-fusion-bridge (BFB) cycle if no healing occurs. This cycle will cause chromosomal instability that can induce formation of dicentric, ring or fusion chromosomes [Hackett et al., 2001] and could lead to terminal inverted duplications [Ballif et al., 2003 ]. Healing of broken ends can occur through 2 general pathways, ensuring the acquisition of a new telomeric cap and stabilizing the deleted chromosome. First, direct addition of telomeric sequences onto the broken end can be achieved through a telomerase-mediated de novo telomere addition [Wilkie et al., 1990; Flint et al., 1994; Varley et al., 2000] or a telomerase-independent recombination-based mechanism [Neumann and Reddel, 2002; Varley et al., 2002] . Second, telomeres can also be retrieved from another location through a mechanism called telomere capture, in which subtelomeres and/or pan-telomeres from another chromosome are translocated at the broken end of the deleted chromosome [Meltzer et al., 1993; Bosco and Haber, 1998; Ning et al., 1998 ]. Although very similar to unbalanced subtelomeric translocations, telomere capture would occur only de novo , while unbalanced cryptic translocations would be inherited from a parent carrying a balanced translocation.
On the other hand, some constitutional anomalies are generated when telomeres loose their ability to prevent fusion. For example, although interstitial telomeric sequences can be detected in normal conditions, as indicated by the major telomeric repeat array found at 2q13 [Ijdo et al., 1991] , most interstitial telomeres occur at the fusion point in telomeric translocations, jumping translocations or ring chromosomes (reviewed in tables 1 and 2).
In order to further study the frequency of chromosome healing and interstitial telomeres in human constitutional abnormalities, we conducted a retrospective study on cases taken from the 1991-2006 archives of a pediatric hospital, the Centre Hospitalier Universitaire (CHU) Sainte-Justine.
Materials and Methods

Cytogenetics
Searching for chromosome rearrangements possibly containing interstitial telomeres or rescued by telomere healing, we reviewed all cases of deletions, translocations and ring chromosomes seen at CHU Sainte-Justine between 1991 and 2006. We selected all deletion cases where a terminal deletion was apparent as well as all translocation and ring cases in which at least one breakpoint involved the terminal band, as evaluated at the karyotype with a minimal resolution of 500 bands. Therefore, a retrospective study was conducted on 40 cases: 19 terminal deletions, 13 translocations involving a terminal band and 8 ring chromosomes ( table 3 ) . Chromosome preparations and GTG-banding were done according to the previously described method [Lemieux et al., 1990] . All but 4 cases were de novo abnormalities with normal parental karyotypes: cases 12 and 13 were inherited from the same mother, while cases 28 and 29 were inherited from a father and mother respectively. Parental rearrangements were not included in this study. Four cases from this cohort (cases 12, 13, 23, and 40) were previously published elsewhere [Boutouil et al., 1996; DesGroseilliers et al., 2006; Maranda et al., 2006] .
Karyotypes of all cases were written following the guidelines of ISCN [2009] . The terminal band was used to designate the breakpoint when only interstitial subtelomeres were present, while pter or qter designate the breakpoint when both interstitial subtelomeres and pan-telomeres were present. In cases with interstitial pan-telomeres in which the presence of interstitial subtelomeres could not be assessed, the terminal band was used when the origin of the pan-telomeric signal was unclear, whereas pter or qter was used in the remaining cases.
Fluorescence in situ Hybridization
The pan-telomeric peptide nucleic acid (PNA) probe [FITC-(C 3 TA 2 ) 3 ] from DAKO (Mississauga, ON, Canada) which recognizes the consensus sequence (TTAGGG) n of human pan-telomeres was hybridized after minor modifications to the protocol of Vermeesch et al. [1997] . Slides were counterstained with propidium iodide (PI) (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada) or DAPI (Roche Diagnostics, Laval, QC, Canada), and bands were visualized as described by Lemieux et al. [1992] , or by the reverse DAPI function of the Cytovision software (Applied Imaging, San Jose, CA, USA).
Subtelomeric probes [TelVysion 1p/1q, 2p/2q, 4p/4q, 5p/5q, 7p/7q, 8p/8q, 9p/9q, 11p/11q, 13q, 14q, 16p/16q, 18p/18q, 20p/20q, 21q , Xp/Yp, and Xq/Yq from Vysis (Downers Grove, IL, USA), and 1p and 6p from AL Technologies (Arlington, VA, USA)] were hybridized according to the company's instructions. 30 metaphases were scored for each probe in order to ensure accuracy and reproducibility of results.
Results
Terminal Deletions
Of the 19 cases of terminal deletions studied ( table 3 ) , all showed a signal for the pan-telomeric probe at the deleted end. Seventeen of them (89%) showed no signal with Park et al., 1992 [3] 46,XX,der(2)t(2;17)(qter;q23) + nd Park et al., 1992 [5-daughter] 46,XX,der(1)t(1;13 or 14 or 21 or 22)(qter;p?11)pat + nd Park et al., 1992 [5-father] 46,XY,der(1)t(1;13 or 14 or 21 or 22)(qter;p?11) + nd Petit et al., 1998 45,XY,der(15)t(13;15)(q12.1;pter),-13/45,XY,der(15)t(13;15)(q12.1;qter),-13 + nd Qu et al., 1994 45,X?,der(2)t(2;21)(pter;q21),-21 + nd Reddy and Murphy, 2000 46,XY,der(19)t(9;19)(q10;pter),-9,+i(9)(q10)[100]/ 46,XY,der(8)t(8;9)(pter;q10),-9,+i(9)(q10) [4] der (8) Rivera et al., 1999 46,XX,der(8)t(8;12)(pter;p10),-12,i(12)(p10) + nd Rossi et al., 1993 [1] 46,XX,tas(17;22)(p13;q13) + nd Rossi et al., 1993 [2] 45,XX,der(5)t(5;15)(qter;q13),-15 + nd Rossi et al., 1993 [3] 45,XX,-15,der(18)t(15;18)(q13;qter)/45,X,der(X)t(X;15)(qter;q13),-15 der(18): + der(X): + nd Rossi et al., 1993 [4] 45,XX,der(12)t(12;15)(qter;q11.1),-15 + nd Rossi et al., 1993 [5] 45,XY,der(9)t(9;15)(qter;q11.1),-15 + nd Rossi et al., 1993 [6] 45,XX,der(2t(2;22)(qter;q11.1),-22 + nd Rossi et al., 1993 [7] 45,XY,der(5)t(5;13)(qter;q10),-13/46,XY,der(5)t(5;13)(qter;q10),-13,i(13)(q10) + nd Vermeesch et al., 1997 46,XY,der (18) the arm-specific subtelomeric probe at the deleted arm (as shown for cases 7 and 12; fig. 1 A, B) . Furthermore, in these 17 cases, the missing subtelomeric signal was not present on any other chromosomes, ruling out a balanced cryptic translocation. As for the 2 remaining cases (4 and 8), the presence of the arm-specific subtelomeric probe at the deleted end ( fig. 1 C, D) prompted us to reconsider these deletions as interstitial and revise the breakpoints ( table 3 ) .
Translocations and Ring Chromosomes
Of the 13 translocations investigated with the pantelomeric probe ( table 3 ) , 4 (31%) showed interstitial pantelomeric sequences at the fusion point (cases 20, 21, 22, and 23; fig. 1 E, H, I, K). Also, the presence of subtelomeres could be assessed at the junction point in cases 20 and 22 ( fig. 1 G, I ), while the unbalanced nature of these translocations could be confirmed by the presence of 3 signals of the 7q subtelomere in case 20 ( fig. 1 F) and of the 14q subtelomere in case 22 ( fig. 1 J) . As for case 32, a balanced t(X;1), no interstitial pan-telomeres were detected by PNA-FISH ( fig. 1 L) , despite the fact that PNA-FISH probes allow detection of shorter pan-telomeric sequences than DNA-FISH probes [Bolzan and Bianchi, 2006] . A signal for the 1p subtelomere was present at the junction point on the der(1) as well as at the distal end of the der(X) ( fig. 1 M) , whereas the Xq subtelomere was only found at the distal end of the der(1) ( fig. 1 N) . This suggests that the breakpoint on 1p was within the subtelomeres, whereas the Xq breakpoint was proximal to the subtelomeres. Unfortunately, FISH with subtelomeric probes could not be performed on any other cases because no more archival material was available.
For the 8 cases of ring chromosomes ( table 3 ) , only 2 (25%) presented interstitial pan-telomeric sequences (cases 33 and 34; fig. 1 O, P), and 3 cases (37.5%) had interstitial subtelomeres. Indeed, FISH with subtelomeric probes revealed the presence of interstitial subtelomeres in cases 34 ( fig. 1 Q) , 35 and 40. Unfortunately, such analyses could not be performed on the remaining cases due to lack of archival material.
Discussion
Chromosome Healing in Terminal Deletions
Of the 19 deletion cases studied, 17 lacked the specific subtelomeric region of the deleted arm, despite the presence of pan-telomeres at this same deleted end ( table 3 ). In the 2 remaining patients (cases 4 and 8), presence of the arm-specific subtelomere and pan-telomeres at the deleted end indicated that these deletions were interstitial rather than terminal. Consequently, our results suggest that the 17 cases of terminal deletions were subjected to chromosome healing after chromosome breakage. Furthermore, as 2 of these deletions (cases 12 and 13) were inherited from a parent, this implies that such chromosome healing is stable.
Although we did not detect any translocations implicating the deleted chromosomes even after high-resolution analyses, we cannot rule out telomere capture or other unbalanced cryptic translocations as means to repair broken ends in our cohort of patients, as FISH with all the subtelomeric probes could not be performed due to lack of archival material. However, the incidence of telomere capture or unbalanced cryptic translocations was found to be relatively low in the literature. Indeed, Marinescu et al. [1999] found an unbalanced cryptic translocation inherited from the mother in only one of 104 patients carrying a 5p terminal deletion, while Davies et al. [2003] reported that 3 cases out of 16 terminal deletions were cryptic unbalanced translocations (2 of which were de novo ). More recently, a study by Ravnan et al. [2006] , on a population suffering from idiopathic mental retardation or developmental delay, reported that 30.4% of all cryptic subtelomeric rearrangements were unbalanced translocations/telomere capture events. However, as 24% of these were true unbalanced translocations inherited from a parent carrying a balanced form of the translocation, telomere capture events could therefore represent less than 23% of all subtelomeric rearrangements found in that population [Ravnan et al., 2006] . Thus, chromosome healing, i.e. direct addition of telomeric sequences onto the broken end, is the most probable mechanism by which the 17 terminal deletions we report here were stabilized.
Interstitial (Sub)Telomeres in Translocations and Ring Chromosomes
So far, approximately 30 cases of interstitial telomeres have been reported in the literature, either in stable or jumping translocations, or telomeric associations ( table 1 ). Reports of translocated chromosomes with interstitial telomeres by Park et al. [1992] and Rossi et al. [1993] initially suggested that telomeric translocations were common, as respectively 4/9 and 7/8 translocations presented interstitial pan-telomeres. However, in 1995, the work of Rivera et al. suggested that telomeric translocations were in fact less common, as no interstitial telomeres were found among 16 patients. As for ring chromosomes, approximately 20 cases with interstitial telomeres have been reported in the literature ( table 2 ). In particular, Flejter et al. [1996] reported a case with a familial r(19) which presented interstitial pan-telomeric sequences, while Canevini et al. [1998] reported that 2 out of 3 cases of r (20) had both subtelomeric and telomeric interstitial sequences ( table 2 ) . On the other hand, as part of a study of patients with 22q13 deletions, Luciani et al. [2003] tested 17 cases of r(22) and found no interstitial telomeres. That being said, most of the previous reports of interstitial telomeres did not investigate the presence of interstitial subtelomeres, especially in cases of translocations ( tables 1 and 2). Since then, several studies have reported the combined hybridization of pan-telomeric and subtelomeric probes on patients presenting chromosomal abnormalities, mostly ring chromosomes ( tables 1 and 2). In particular, Sigurdardottir et al. [1999] and MignonRavix et al. [2007] each published a case where interstitial subtelomeres were present, but not pan-telomeres ( tables 1 and 2). Altogether, this supports the notion that interstitial (sub)telomeres in ring chromosomes and translocations are more frequent than previously thought.
In our cohort of 21 patients with a translocation or a ring chromosome, 4 translocations and 2 ring chromosomes had interstitial telomeres (cases 20, 21, 22, 23, 33 and 34) , while one translocation and 2 ring chromosomes (cases 32, 35 and 40) had interstitial subtelomeres without interstitial detectable pan-telomeric sequences using a PNA-FISH probe ( table 3 ) . These results would thus tend to indicate that the frequency of interstitial (sub)telomeres is not as low as reported, given a combined frequency of 43% in our cohort. Furthermore, the impossibility of performing FISH with subtelomeric probes in all cases of translocations and ring chromosomes might have led to an underestimation of the frequency of interstitial subtelomeres in our patients. In comparison, in their study of telomeric translocation involving chromosome 15, Mignon-Ravix et al. [2007] showed the presence of interstitial subtelomeres and/or pan-telomeres in 4 of the 8 cases (50%) ( table 1 ) .
Even though the frequency of interstitial telomeres in translocations and ring chromosomes is not precisely known, there is evidence that acrocentric chromosomes are more frequently implicated. Indeed, Rivera et al. [1999] reviewed 14 cases of jumping translocations and 12 cases of stable translocations published in the literature. Five of the 8 jumping translocations and 9 of the 12 stable translocations with interstitial telomeres implicated acrocentric chromosomes ( table 1 ) . Reviewing 15 constitutional telomeric associations, Huang et al. [2004] also found that 12 cases involved acrocentric chromosomes, 3 of which were positive for interstitial telomeres ( table 1 ). Our data is consistent with these observations, since 5 of the 13 stable translocations we report implicate acrocentrics ( table 3 ) and that 3 of these 5 cases were positive for interstitial telomeres (cases 21, 22 and 23).
Although we were not able to rule out the possibility of de novo synthesis of telomeres in cases of interstitial (sub)telomeres in translocations and ring chromosomes, we do not believe that this mechanism could be implicated. Indeed, as ring formation or addition of foreign material through translocation would be means to stabilize the broken ends, there would have been no further need for other healing mechanisms. Furthermore, in all 3 cases (20, 22 and 34) with interstitial pan-telomeres where subtelomeric FISH was performed, a signal was present at the junction point, indicating that the breakpoint was not in the subtelomeres, but in the distal part of the telomeric TTAGGG repeats.
The exact mechanism behind the presence of interstitial telomeres in constitutional cases is still unknown. In fact, interstitial telomeres are mostly studied in cancer cells or cell lines, as well as in cells exposed to radiation or with mutations of genes implicated in the maintenance of genomic stability [reviewed in Bolzan and Bianchi, 2006] . In constitutional cases of translocations, such as those reported here, deficiency of proteins implicated in the capping, maintenance or replication of telomeres could have been responsible for the telomeric loss of function in parental gametes, leading to the abnormality observed in their offspring. For example, single nucleotide polymorphisms (SNPs) in DNA-PKcs, a gene implicated in DNA repair, lead to the presence of uncapped telomeres and radiation-induced telomere-double-strand break (telomere-DSB) fusions as a result of reduced abundance and activity of the protein [Williams et al., 2009] . Also, a simple break in the (sub)telomeric region, followed by the fusion of this broken end with another broken chromosome end could be another mechanism leading to interstitial telomeres in translocations. As for ring chromosomes, intrachromosomal tethering of the p and q arms, as observed in interphase nuclei for chromosomes 3, 4, 5, 6, 7, 9, 10, 12, 17, 18, and 20 [Daniel and St Heaps, 2004] , could explain the presence of both subtelomeric p-and q-arm probes, as well as pan-telomeric probes, in these rearrangements.
Our study indicates that the frequency at which interstitial telomeres occur in ring chromosomes and telomeric translocations might not be as low as previously thought. This discrepancy is possibly due to the lack of subtelomeric FISH in many reports. Additionally, our data further illustrate the necessity of performing FISH with both subtelomeric and pan-telomeric probes in each case, even when one of the probes yields a negative result, as breakpoints may be located between the 2 types of sequences. Our results also confirm that telomeric translocations frequently implicate acrocentric chromosomes. As for terminal deletions, our data suggest that these rearrangements are stabilized through the acquisition of Case 20: E presence of interstitial pan-telomeres at the junction site of the der(9)t(7; 9); F presence of the 7q subtelomere in terminal position on the der(9); G presence of the subtelomere 9q at the junction site on the der(9). H Case 21: presence of interstitial pantelomeres at the junction site of the der(20)t(15; 20). Case 22: I presence of interstitial pan-telomeres and of the 21q subtelomere at the junction site of the der(21)t(14; 21); J presence of the subtelomere 14q in terminal position on the der(21). K Case 23: presence of interstitial pan-telomeres at the junction site of the tas(Y;13). Case 32: L absence of interstitial pan-telomeres at the junction site of both the der(1) and der(X) of a t(X;1); M presence of the subtelomere 1p at the junction site of the der(1) and in terminal position on the der(X); N presence of the subtelomere Xq in terminal position on the der(1) only. O Case 33: presence of interstitial pantelomeres on the r(4). Case 34: P presence of interstitial pan-telomeres on the r(20); Q presence of the subtelomeres 20p and 20q on the r(20). telomeric sequences, probably by chromosome healing, as suggested by the literature. Finally, it also indicates that these stabilization mechanisms are efficient in humans and generate chromosomes that are stable enough to be transmitted to offspring.
